Abstract Freshwater bivalves have been highly threatened by human activities, and recently their global decline has been causing conservational and social concern. In this paper, we review the most important research events in freshwater bivalve biology calling attention to the main scientific achievements. A great bias exists in the research effort, with much more information available for bivalve species belonging to the Unionida in comparison to other groups. The same is true for the origin of these studies, since the publishing pattern does not always correspond to the hotspots of biodiversity but is concentrated in the northern hemisphere mainly in North America, Europe and Russia, with regions such as Africa and Southeast Asia being quite understudied. We also summarize information about past, present and future perspectives concerning the most important research topics that include taxonomy, systematics, anatomy, physiology, ecology and conservation of freshwater bivalves. Finally, we introduce the articles published in this Hydrobiologia special issue related with the International Meeting on Biology and Conservation of Freshwater Bivalves held in 2012 in Bragança, Portugal.
Important events in freshwater bivalve biology and conservation research
Bivalves are a very important part of biodiversity playing major roles in freshwater ecosystems (Vaughn & Hakenkamp, 2001 , Howard & Cuffey, 2006 , and their global decline due to a myriad of human activities has been causing increasing concern (Lydeard et al., 2004; Strayer et al., 2004; Régnier et al., 2009) .
After an initial period of species description, anatomical characterization and systematics, which started with Linnaeus in 1758 and was followed by many other notorious taxonomists and malacologists (Lamarck, Retzius, Bourguignat, Lea, Simpson, among many others), the biology of freshwater bivalves has been investigated more intensively since the end of the nineteenth century. A few landmark studies highlighting some of the most important events in freshwater bivalve biology and conservation are described in Fig. 1 . The elucidation of the host relationship with fishes began with van Leeuwenhoek's description of the Unionidae larvae (glochidia) in 1697, and after nearly two centuries of intermittent controversy, culminated in several German studies (e.g. Leydig, 1866; Forel, 1866; Schierholz, 1889 ) that described the relationship in some detail (revised in Watters, 1994) . The end of the nineteenth and beginning of the twentieth century was also an important period of research since it was the beginning of freshwater mussel life history and propagation studies at the Fairport Biological Station on the Mississippi River, Fairport, Iowa, United States of America (USA). This was the first concerted, government-funded effort focused on the study of mussel ecology and propagation in North America and perhaps in the world. Information about host relationships, feeding behaviour, habitat requirements and realization of a long to very long life span and many other aspects of mussel ecology generated by the Fairport Biological Station formed the bulk of available ecological knowledge until the 1980s. Indeed, the propagation techniques used still form the basis of today's methods. Station personnel incorporated some of the first vocal advocates for mussel conservation, which included notable researchers such as Winterton C. Curtis, George Lefevre, Robert E. Coker, Thaddeus Surber, Arthur D. Howard and Max M. Ellis, producing a vast bibliography (e.g. Lefevre and Curtis, 1910; Coker et al., 1921; Howard, 1921) . During the same period, Arnold Ortmann began a series of studies on the systematic analysis of anatomy, shell morphology and life history traits within the order Unionida (e.g. Ortmann, 1911 Ortmann, , 1912 Ortmann, , 1920 Ortmann, , 1921 . Ortmann was the first to synthesize this information into an evolutionary framework; he provided extensive ecological observations about mussels which, together with Charles T. Simpson, were instrumental in stabilizing mussel nomenclature (Ortmann, 1912; Simpson, 1914) . Along with the Fairport Biological Station researchers, Ortmann was one of the first biologists to call attention to the rapid decline in freshwater bivalve diversity and abundance (see Ortmann, 1909) . Later in the middle of the twentieth century, Fritz Haas used a combination of reproductive, anatomical and shell morphological characters to produce a global synthesis of freshwater mussel (Unionida) systematics, which was used as a key reference until the advent of recent molecular techniques (Haas, 1940 (Haas, , 1969 . During the second half of the twentieth century, some important publications on the description and anatomy of regional faunas were occasionally produced in some parts of the World, e.g. McMichael & Hiscock (1958) in Australia, Van Damme (1984) , MandahlBart (1988) and Daget (1998) in Africa, Brandt (1974) , Liu et al., (1979) and Subba Rao (1989) in Asia and Parodiz & Bonetto (1963) in South America. Despite the early warnings calling attention for extensive declines, the first listing of freshwater bivalves under the US Endangered Species Act just appeared in 1976, and was followed by the European Bern Convention (1979) and the Habitats Directive (1992). The initial listing of mussel species brought the global mussel extinction crisis to the attention of the conservation movement and the public at large. Critically, these events provided impetus and funding for an explosion in mussel ecology research that began in the late 1970s and continues to the present day, mainly in North America. At the same time, the establishment of the first modern, long-term academic research programs on mussel ecology by Richard J. Neves (Virginia Polytechnic and State University, USA), David L. Strayer (Cary Institute of Ecosystem Studies, USA) and Gerhard Bauer (University of Bayreuth, Germany), among others, produced numerous important publications and trained a great number of graduate students, which now lead their own research projects and provided models and support for establishment of subsequent research programs. These scientific projects soon accumulated enough critical expertise, which culminated in some modern reviews on mussel biology and ecology such as McMahon (1991), Bauer & Wächtler (2001) , Strayer (2008) and Haag (2012) . The American Malacological Union (now Society) had a committee on the Common and Scientific Names of Mollusks that developed a list of all mollusc species of North America, including freshwater bivalves (Turgeon et al., 1988 (Turgeon et al., , 1998 . This peer reviewed list finally created an up-to-date, reviewed list of freshwater bivalves for North America. This standardized list provided stability to the names of freshwater bivalves and allowed the increase in research without taxonomic issues. During the 1990s, the first comprehensive assessment of the conservation status of North American mussels was published (Williams et al., 1993) and a group of concerned people started to discuss the status, conservation and management of freshwater mussels, which resulted in the formation of a working group to develop the National Strategy for the Conservation of Native Freshwater Mussels in the USA (National Native Mussel Conservation Committee, 1998). The Freshwater Mollusk Conservation Society was also formed in 1998, which would lead and push freshwater bivalve conservation efforts into the twenty first century. At the beginning of the 2000s, a series of studies under the direction of Caryn Vaughn started to elucidate the functional role of bivalves and their importance to freshwater ecosystems (e.g. Vaughn & Hakenkamp, 2001; . During the same period, the first comprehensive revisions of mussel diversity based on modern phylogenetic methods were published (e.g. Roe & Hoeh, 2003; Campbell et al., 2005; Graf & Cummings, 2007) . From the middle of the 2000s, the efforts to refine captive propagation methods for mussels resulted in the near perfection of these techniques and the feasibility of their use on a large scale (e.g., Henley et al., 2001; Barnhart, 2006; Gum et al., 2011) . At the present, the exponential growth on freshwater bivalves' research, both in the field of basic biology, ecology and physiology but also on applied conservation such as habitats rehabilitation and propagation, needs to be integrated and available to all ecologists, conservation biologists and freshwater malacologists. This integration needs also to include managers, policy makers and other stakeholders to find and apply the best measures to conserve these animals and their natural habitats. The Freshwater Mollusk Conservation Society has played this role in North America, promoting research and awareness but also by organizing periodic meetings and workshops. In other parts of the world, research efforts vary and integration and knowledge exchange are needed, mainly in undeveloped countries of the Southern Hemisphere. Trying to fulfil this gap, a group of researchers planned and organized the first International Meeting on the Biology and Conservation of Freshwater Bivalves on 2012 (see below for further details). Freshwater bivalves research efforts with emphasis on Unionida bivalves
Currently, six orders of bivalves are represented in freshwater ecosystems: Arcida Gray, 1854; Cardiida Férussac, 1822; Mytilida Férussac, 1822; Pholadida Gray, 1854; Solenida Dall, 1889 and Unionida Gray, 1854 (Bogan, 2008; Graf, 2013) . However, only the Unionida and Cardiida had extensive radiations, the first with six modern families in about 800 species and the latest with two big families: Sphaeriidae (&220 spp.) and Cyrenidae (=Corbiculidae) (&90 spp.). The remaining five Cardiida families, together with the remaining orders, have only a few species each (Bogan, 2008; Graf, 2013) . Since the beginning of the nineteenth century, research efforts have been more focused in the larger and conspicuous Unionida, followed on a smaller scale by the also widespread Sphaeriidae family (Fig. 2) . This trend has changed recently due to the proliferation of studies with invasive bivalves such as Corbicula fluminea, Dreissena polymorpha and Dreissena bugensis (Fig. 2) .
Due to the high conservation value and threatened status of most Unionida mussels and the fact that invasive bivalves are thoroughly revised within the present Hydrobiologia special issue (Sousa et al., 2014) most of the present paper will focus on the Unionida.
Mussels from the Unionida order are present in all continents, except Antarctica, with two major diversity hotspots recognized in Southeast North America and Southeast Asia ( Fig. 3a ) (Graf & Cummings, 2007; Bogan, 2008) . As expected, and pointed out before for other organisms (e.g. Harris & Froufe, 2005) , the publishing pattern on Unionida mussels research does not always correspond to the hotspots of biodiversity but is concentrated in the northern hemisphere, mainly in North America, Europe and Russia (Fig. 3b) . Regions like Africa and Southeast Asia remain quite unstudied. However, we should take in account that our assessments are just based on the ISI published papers, which may introduce some bias since ISI does not take into account grey literature.
The main research topic studied until the middle of the twentieth century was taxonomy (Fig. 4) . It started at the middle of the eighteenth century with the publication of Linnaeus Systema Naturae in 1758, where some freshwater bivalves were classified with some marine species under the genus Mya. Following works, mainly performed by European and North American malacologists, addressed the taxonomy and systematics of this diverse faunal group based on conchological, anatomical and physiological characteristics. After the 1900s, very few anatomical and physiological studies have been carried until 70-80 s. After this period, an increasing interest on this group resurged, mainly related to the first listing of freshwater mussels under the U.S. Endangered Species Act, which brought the global mussel extinction crisis to Graf & Cummings (2013) the attention of the scientific community (mainly in North America) and also to environmental managers and policy makers (Stansbery, 1970; Bogan, 1993; Williams et al., 1993) . This critical situation in addition to the publication of the standardized peer reviewed freshwater mussel list (Turgeon et al., 1988) provided impetus and funding for an explosion in mussel research, mainly in conservation and ecology but also in physiology and toxicology that continues to the present day. In Europe, the Habitats Directive published in 1992 also promoted research on some freshwater bivalve species, which were included as important conservation targets (e.g. Margaritifera margaritifera and Unio crassus). In addition, over the last three decades, modern molecular techniques have been increasingly used for several distinct research studies but mainly related with taxonomy, phylogeny and phylogeography. Past, present and future perspectives
Taxonomy and systematics
Soon after the publication of Systema Naturae (Linnaeus, 1758), several researchers started to delineate and revise the freshwater species into separate genus, and in 1817, Thomas Say wrote the first paper on North American freshwater bivalves by an American author. This was quickly followed by the descriptive works by Rafinesque (1820 Rafinesque ( , 1831 . These works were soon followed by the first global synopsis on Unionida (Lea, 1836 (Lea, , 1838 (Lea, , 1852 (Lea, , and 1870 , being this information upgraded by Simpson (1900 Simpson ( , 1914 . The taxonomic work continued to advance with hundreds of publications, but no large comprehensive treatment occurred until Fritz Haas major monograph on the classification of the world's unionacea was completed in 1969 (Haas, 1969) . Until the 1970s, the taxonomy of freshwater bivalves was based on discrete anatomical and physiological characters. In 1970, a paper combined reproductive and morphological characters in an attempt to reflect the first phylogenetic relationships among Unionida bivalves (Heard & Guckert, 1970 Although taxonomy, phylogeny, genetic diversity and phylogeography have been the main studied areas using these techniques, they have also been applied to other fields such as protein characterization (proteomics) and toxicology with great success. Additionally, due to a particular form of mitochondrial DNA inheritance called double uniparental inheritance (DUI) present in bivalves, since the description of this mtDNA feature in Unionida mussels (Hoeh et al., 1996; Breton et al. 2007 ), around 15 papers have addressed this topic in freshwater bivalves. It is also worthy to mention that although no entire genome has been sequenced to date, 26 mitochondrial genomes (5 male and 21 female) are already sequenced, which may be used in more accurate assessments on the Fig. 4 Cumulative number of ISI Web of Science publications on Unionida bivalves by different research areas. The employed search terms correspond to all of the valid freshwater bivalve genera names ? synonyms following Graf & Cummings (2013) genetic diversity patterns of freshwater bivalve species. Next-generation sequencing has also recently began to be used for both the development of new markers (O'Bryhim et al., 2012; Froufe et al., 2013) and the sequencing of massive genetic resources (e.g. Wang et al., 2012) with multiple applications (e.g. ancient DNA sequencing, proteomics including protein identification and entire genome phylogenies). Although genetics have been exponentially used since the 1970s, aiding in the taxonomy, identification of the phylogenetic relationships as well as the phylogeographical and genetic diversity patterns in many species, more research is still needed. For instance, many taxonomical problems still remain, mainly due to the high plasticity of shell morphology, which may impair an accurate identification, but also because many species have not been studied using genetic techniques. Additionally, the genetic diversity patterns as well as the phylogeography of most freshwater bivalve species, with some exceptions in North America and Europe (e.g. Machordom et al., 2003; Zanatta & Harris, 2013) , are quite unknown. Furthermore, and although some good baseline phylogenetical studies have already been produced including molecular, anatomical and physiological data (Lee & Ó 'Foighil, 2003; Gelembiuk et al., 2006; Graf & Cummings, 2007; Bogan & Roe, 2008; Graf, 2013) , the high-order phylogeny is still uncertain. The phylogeny within most families also needs further research, not only in the poorly known groups such as the Sphaeriidae, the Iridinidae in Africa and Hyriidae and Mulleriidae (=Mycetopodidae) in Australia and South America but also the Northern Hemisphere Unionida families, where many relationships remain unresolved.
Anatomy and physiology
The basic anatomy of freshwater bivalves was established in the late nineteenth and early twentieth century, but only very few studies have been carried along the twentieth and twenty first centuries (Bogan & Roe, 2008) . On the other hand, while the study of physiological functions has been neglected over the first half of the last century, since the 1950s, an increasing number of studies have been published. However, most of physiological studies using freshwater bivalves did not have these species as a specific target but were more directed to the study of the biological processes per se. In fact, the large size and high density of some species have turned these animals very interesting as model organisms and several research groups, mainly in Europe and North America, used them to study a myriad of topics including cell thermal resistance, nervous cell structure, cell ciliary movements as well as complex biochemical mechanisms such as the adenylate cyclase system, sperm-egg connection and biomineralization processes. Of the small number of physiological studies directed to the bivalves themselves, a few sub-areas have received the main attention such as the basic aspects of the reproductive cycle, respiration, energy allocation, acid-base and ionic regulation as well as growth mechanisms. Nevertheless, most of the fundamental biochemical processes behind those metabolic functions are still poorly understood. Additionally, most of the published papers on the nineteenth and twentieth centuries were generally carried out in a restricted number of species being the most frequently used Anodonta cygnea and Anodonta anatina in Europe, Elliptio complanata and Pyganodon grandis in North America, and Lammelidens marginalis and Sinanodonta woodiana in Asia. Since the 1970s and 1980s due to conservation purposes, this focus has shifted for a few endangered and protected species such as Margaritifera margaritifera and Unio crassus. Another applied use of freshwater bivalves is on toxicological studies. In fact, on the last decades, freshwater bivalves have been used in several ecotoxicological applications. Until recently, the smaller Cyrenidae (=Corbiculidae), Dreissenidae and Sphaeriidae, have mainly been used as preferred ecotoxicological research organisms supporting the major part of basic research on bioaccumulation, toxicokinetics and toxicity publications. On the other hand, due to the recent global decline and worldwide focus on Unionida mussels, this order has become a major study target in the field of ecotoxicology (for a recent review see Farris & Van Hassel, 2010) , mainly using the highly sensitive larvae (glochidia). Once again, most of the research does not deal with the effects on the mussel per se but is more directed to the use of these organisms as bioindicators. In summary, several physiological functions remain quite unknown in freshwater bivalves, such as the immunological system, the neuroendocrine system, ionic regulation and detoxification mechanisms. Even simple things such as maximum age, growth and age of maturity are unknown for most species and for unionids, we still almost ignore how the glochidia elude the fish immunological system and how the larvae are able to encyst in specific hosts. These basic aspects should be addressed in future studies.
Ecology and conservation
The number of scientific studies dealing with ecology and conservation of freshwater bivalves increased substantially in the last three decades and follows the same pattern described for other research topics (Fig. 4) . Many of these studies are related with classical ecology describing the importance of abiotic factors (e.g. temperature, altitude, current velocity and nutrients) and/or biotic interactions (e.g. predation, competition, parasitism and disease) determining the spatial distribution or population structure of freshwater bivalves. However, the number of studies exploring the importance of these biotic interactions is much smaller being the exception the already considerable knowledge acquired regarding the fundamental role of fish hosts on the life cycle of Unionida bivalves. Indeed, the very unusual life cycle of freshwater mussels further complicates a full understanding of their ecology but on the other hand makes them particularly amenable for studies addressing behaviour and evolution, being this issue a very interesting line of future research (Douda et al., 2013) . In relation to conservation, the most part of studies explore the main threats (e.g. loss and fragmentation of habitat, changes in river flow, pollution, overexploitation, introduction of non-native species and climate change) that are affecting this group of organisms and in the last decade, a growing number of studies have been also exploring new methods to increase our management ability (e.g. considerable insights have been gained about efficient propagation methods in Unionida mussels) to conserve these species. Nevertheless, almost all the studies concerning the conservation of freshwater bivalves have been devoted to the Unionida, and almost nothing is known about the Sphaeriidae even if these species have been also facing considerable declines in the last decades (Sousa et al., 2008 (Sousa et al., , 2011a . Despite the growing number of studies, many gaps still persist about fundamental aspects such as density, biomass, growth and secondary production, the main factors (dispersal, habitat, food, enemies and hosts) determining the spatial distribution of freshwater bivalves and about quantitative studies exploring the main threats responsible for substantial declines (for a review on these factors see Strayer, 2008) . Also, important is the almost non-existence of data exploring the main factors determining temporal heterogeneity, which may obscure many ecological interpretations. This temporal information can be particular important because of the long life cycle and the long history of human threats to some of these species, which can be responsible for a considerable extinction debt in freshwater bivalves (Haag, 2012) . In the same vein, given the long life cycle of many species, it is expected that recovery takes decades even if appropriate management actions are applied today.
Considering that substantial gaps in knowledge still persist at the population level, it is not strange that studies exploring changes at the community and ecosystem levels mediated by freshwater bivalves are rare. Even so, freshwater bivalves are usually described as important consumers and preys in freshwater ecosystems and may represent an important energetic link between the water column and the benthos. This importance may be high, particularly in areas where these species attain a great density and biomass. Recently, and recognizing that freshwater bivalve populations have declined dramatically around the world (but data still scarce in South America, Africa and Asia), scientists are becoming more aware about the possible ecological implications of these declines. Therefore, future studies should also focus on possible changes in important functions and services mediated by freshwater bivalves. Theoretically, important alterations may include changes in phytoplankton, primary and secondary production, nutrient cycling, organic matter dynamics, benthic diversity and energy transfer between aquatic and adjacent riparian ecosystems. However, most of these changes remain speculative and illusive with very few quantitative studies. Anyway, recently, Caryn Vaughn and collaborators were able to show in a variety of empirical experiments in mesocosm or natural conditions that Unionida mussels (i) can influence ecosystem processes and functions by modifying the nutrients dynamics that limit primary productivity and dense aggregations of these bivalve species may act as biogeochemical hotspots that influence the standing crops and composition of algal species (Vaughn et al., 2007; Spooner & Vaughn, 2008; Atkinson et al., 2013) ; (ii) can increase abundances of grazing aquatic insect larvae 2006 Spooner et al., 2012) and (iii) can increase the flux of aquatic insect subsidies to terrestrial predators and in this way can link aquatic and adjacent riparian ecosystems (Allen et al., 2012) . This last aspect has been also the focus of some studies in Europe that explore the functional importance of massive mortalities of freshwater bivalves during extreme climatic events (droughts and floods) and how the large accumulation of this biomass near the banks may be an important subsidy from aquatic to adjacent terrestrial ecosystems (Sousa et al., 2012; Bódis et al., 2014) . Finally, a small number of studies also explored the importance of these species as ecosystem engineers. The physical changes mediated by freshwater bivalves, which include filtration, bioturbation and availability of shells, may have extraordinary effects, mainly when we have dense aggregations (Gutiérrez et al., 2003; Sousa et al., 2009) .
Not surprisingly, and given the overall described assimilatory and non-assimilatory effects, some authors consider that freshwater bivalves may be classified as keystone species in some habitats due to their disproportional large impacts on ecosystem structure and function (Geist, 2010) . Interestingly, and although some studies showed an incredible decline of these species and their consequences in ecosystem functioning, in recent years, some of these same systems have been invaded by several bivalve species. Indeed, a great number of studies using freshwater bivalves address the ecological and economic aspects related with the introduction of several non-native invasive species from the Cyrenidae (=Corbiculidae) and Dreissenidae families (Fig. 2a,  b) . In terms of biodiversity and ecosystem functioning theory will be important not only address possible changes in ecosystems due to loss of species but also include studies where the number of species increased due to introductions and how this translate in possible changes in ecosystem functioning (Sousa et al., 2011b; Strayer, 2012) . A more comprehensive understanding in aquatic ecosystem processes and functions resulting from this biodiversity loss (via native bivalve extinctions) or gain (via invasive bivalve introductions) is just in the beginning, but promising results are becoming available and this taxonomic group is highly suitable for field and laboratory manipulations and so serving as an interesting model to assess these functional changes.
The international meeting on biology and conservation of freshwater bivalves
The international meeting on biology and conservation of freshwater bivalves was organized by the School of Agriculture of the Polytechnic Institute of Bragança, Portugal, in September 2012. This meeting was the first event held in Europe on this topic and was attended by 113 experts from 22 different countries. This meeting was an attempt, through a cycle of presentations, debates and field trips, to create a network of knowledge with the final goal of developing collaborative projects and discuss potential global directives for the protection and conservation of this important faunistic group. The first result of this meeting is the publication of this special issue in Hydrobiologia, which includes a total of 20 papers (including this introductory note). Of these 20 papers, three address general conservational aspects about freshwater bivalves in South America (Pereira et al., 2014) , North America (Haag & Williams, 2014) and Australasia (Walker et al., 2014) . One paper presents the molecular phylogeny of the Unio genus in France (Prié & Puillandre, 2014) . Three papers assess the distribution of freshwater mussels and their implication for conservation at a large and small (Denic et al., 2014; Zieritz et al., 2014) spatial scales and another one modelled the importance of hydraulic parameters in the distribution of the invasive species Dreissena polymorpha (Sanz-Ronda et al., 2014) . Several papers (six in total) used as a model organism, the freshwater pearl mussel M. margaritifera and address aspects such as distribution and conservation status of this species in Russia (Makhrov et al., 2014; Popov & Ostrovsky, 2014) , host-dependent genetic variation (Karlsson et al., 2014) , the physiological response of juvenile brown trout (Salmo trutta) to encystment by the parasitic larvae (Thomas et al., 2014) , captive breeding techniques (Scheder et al., 2014) and the impact of land use on M. margaritifera and its host fish S. trutta (Ö sterling & Högberg, 2014) ; all these works may have considerable importance for the conservation of this species and generate important information that can be used in the implementation of management measures. One paper assesses the potential use of U. pictorum and U. tumidus as model organisms for genotoxicity monitoring in freshwater environments (Vuković-Gačić et al., 2014) . Three papers describe possible effects of invasive bivalves one being a review discussing the impacts from the individual to the ecosystem level and discuss some possible control strategies (Sousa et al., 2014) , the second quantifies the density and biomass of massive mortalities of invasive bivalve species after extreme climatic events and decribes how this can result in a trophic subsidy to the adjacent terrestrial ecosystems (Bódis et al., 2014) and a third paper assesses the consumption of food sources and the potential competition between native (Diplodon parallelopipedon) and non-native (Corbicula fluminea) species (Marroni et al., 2014) . Finally, one paper by Strayer (2014) analyses how nutrient cycles and freshwater mussels affect one another.
Although many gaps still exist about the biology of freshwater bivalves, information will be always our best ally to conserve these fascinating creatures, and we hope that the studies contained in this special issue increase our ability to found new ways to protect these species from extinction and restore their habitat.
